ABSTRACT: During lactation in the sow, mammary glands that are not regularly suckled undergo regression. This study characterizes the regression of unsuckled mammary glands and how that regression is affected by dietary nutrients and litter size. Sixty-nine primiparous sows were fed one of four diets containing combinations of two protein levels (32 or 65 g lysine/d) and two energy levels (12 or 17.5 Mcal ME/d) during lactation. Litter size was adjusted to 10. Sows were killed on d 0, 5, 10, 14, 21, or 28 of lactation. In another experiment, twenty-eight primiparous sows were allotted to have different litter sizes and were killed on d 21 of lactation. The day before slaughter, teat order of each litter was observed. After death, mammary glands were removed and dissected. Skin and extraneous fat pads were removed from the mammary glands and individual glands were separated. Each gland was weighed, cut in half to measure cross-sectional area, and ground for chemical analysis. The amounts of dry tissue, protein, fat, ash, and DNA were measured. Only glands
Introduction
Shortly after farrowing, newborn piglets succeed in finding a teat to suckle (Hemsworth et al., 1976) . High oxytocin concentrations in sow's blood during the early postpartum period make colostrum readily available to the newborn piglet without requiring suckling-induced milk ejection. Piglets begin to develop a preference for specific teats within the first few hours after birth 1 2659 observed to be unsuckled were included in the results. Regression of unsuckled mammary glands occurred rapidly during the first 7 to 10 d of lactation, as indicated by a decline in wet weight, dry weight, protein, fat, DNA, and cross-sectional area. The rate of regression was slowed after the early lactation period. The rate of regression of unsuckled glands was affected by dietary nutrient levels. Dietary energy level affected (P < 0.05) the decline in wet and dry weights, protein, fat and DNA content, and cross-sectional area, whereas dietary protein level affected (P < 0.05) the decline in dry weight and fat content. At d 5 of lactation, the wet weight of unsuckled mammary glands in sows fed the high-energy high-protein diet was 91% greater (P < 0.05) than in sows fed the low-energy low-protein diet. Effects of litter size on size and composition of unsuckled glands were not significant by d 21 of lactation. Unsuckled mammary glands regress rapidly during early lactation, and the rate of regression is affected by dietary nutrient intake. (Brooks and Burke, 1998) . Regular periods of milk letdown and socially synchronized sucklings begin approximately 11 h after birth (Brooks and Burke, 1998) .
Western swine breeds typically have 12 to 16 mammary glands (Turner, 1939; Turner, 1952) , and the average litter size is 10.9 piglets (MLC, 1998) . At parturition, all glands undergo lactogenesis, and glands that are routinely suckled continue to grow (Kim et al., 1999a) . Once teat order is established, mammary glands that are not regularly suckled begin regressing, by a process of involution. Although not producing milk, unsuckled glands may impact the physiology of the sow during lactation. The presence of unsuckled glands may affect the total amount of lactating mammary tissue that develops in suckled glands. Regression of the unsuckled glands should contribute to the pool of endogenous amino acids available for lactation, although the extent of this contribution is not known. In addition, the speed with which the unsuckled glands undergo involution and the type of tissue changes that occur during involution determine how long after parturition unsuckled glands may retain function and be available for cross-fostering.
Little is known about the fate of the sow's mammary glands not regularly suckled during lactation. The objectives of this study were to characterize the regression of mammary glands not regularly suckled during lactation and to determine whether this regression is affected by nutrition and litter size.
Materials and Methods

Animals and Experimental Design.
A total of ninetyseven primiparous sows (Camborough-15, Pig Improvement Company, Franklin, KY) were used for this study. Sixty-nine sows (mean weight at farrowing = 183.5 ± 3.8 kg) were fed one of four diets representing combinations of two protein levels and two energy levels during lactation (Exp. 1). Litter size was adjusted to 10 by cross-fostering. Sows were killed either on d 0 (within 12 h postpartum, n = 8), 5 (d 4 to 7, n = 9), 10 (d 10 to 12, n = 9), 14 (d 13 to 16, n = 13), 21 (d 19 to 23, n = 15), or 28 (d 26 to 30, n = 15) of lactation. Another group of twenty-eight primiparous sows (mean weight at farrowing = 200.4 ± 1.83 kg) were allotted to have litter sizes of 6, 7, 8, 9, 10, 11, or 12 piglets (n = 4) within 2 d postpartum (Exp. 2) and were killed on d 21 ± 2 of lactation.
For both Exp. 1 and 2, gilts were bred and housed at the University of Illinois Swine Research Center (Champaign, IL). Pregnant gilts were moved to farrowing crates on d 109 of gestation. Teat order relative to nursing behavior was observed on the day before slaughter to determine which mammary glands were regularly suckled by pigs, as previously reported (Kim et al., 1999a) . Sows were slaughtered at the University of Illinois Meat Science Laboratory. The animal care protocol was approved (#A6R267 and #A8R116) by the Laboratory Animal Care Committee of the University of Illinois at Urbana-Champaign. Animals were available for monitoring by the institutional veterinarian.
Diets. For Exp. 1, 61 lactating sows (excluding the eight sows killed on d 0 of lactation) were fed one of four diets containing corn and soybean oil as major energy sources and soybean meal (48% CP) as a major protein source (Table 1) . The four diets were formulated to achieve a combination of different amounts of energy and protein (3.0 Mcal ME and 8.0 g lysine/kg diet, lowenergy low-protein, LELP; 3.0 Mcal ME and 16.2 g lysine/kg diet, low-energy high-protein, LEHP; 3.5 Mcal ME and 6.4 g lysine/kg diet, high-energy lowprotein, HELP; or 3.5 Mcal ME and 13.0 g lysine/kg diet, high-energy high-protein, HEHP) to provide 12.0 or 17.5 Mcal ME per day and 32 or 65 g of lysine per day (Table 1) . Lysine was used as an indicator for protein level. Sows were provided a maximum of 4 kg of the lactation diet per day for the LELP group to provide a maximum of 12.0 Mcal ME and 32 g of lysine, whereas 12.0 Mcal ME and 65 g of lysine were provided to the LEHP group in 4 kg daily. Sows in the HELP group were provided a maximum of 5 kg per day to provide 17.5 Mcal ME and 32 g of lysine, whereas 17.5 Mcal ME and 65 g of lysine were provided to the HEHP group in 5 kg daily.
For Exp. 2, all lactating sows were fed a diet containing corn and soybean oil as major energy sources and soybean meal (48% CP) as a major protein source. The diet provided 3.4 Mcal ME/kg diet and 202.3 g crude protein (11.6 g lysine)/kg diet, as previously reported (Kim et al., 1999c) .
For both Exp. 1 and 2, lysine was added to the diets as needed to meet described levels, and methionine, threonine, and valine were added at the ideal ratio relative to lysine suggested from NRC (1998). Vitamins and minerals were added to the diets at a level that exceeded the NRC recommendations (NRC, 1998) . Lactating sows were fed twice daily at approximately 0700 and 1600.
Tissue Collection. On each scheduled killing day, sows were transported to the University of Illinois Meat Science Laboratory at 0600, prior to the morning feeding. Sows were electrically stunned and killed by exsanguination. All mammary glands were removed from the sows and the skin and extraneous fat pad were dissected from parenchymal tissue. Unsuckled mammary glands were identified from the teat order observation and individual unsuckled mammary glands were dissected, weighed, and bisected in an approximately midsagittal section to measure cross-sectional area (Kim et al., 1999a) . One half of each gland was ground in a commercial blender (Waring Products, New Hartford, CT) and stored at −20°C for chemical analyses of parenchymal tissue.
Chemical Analysis. Ground mammary tissue was used to measure dry matter, protein, fat, ash, and DNA contents. Dry matter content of tissue was quantified by dessication at 105°C for 8 h. Crude fat content was determined by Soxhlet extraction using a chloroform:methanol (87:13) binary extraction solution on dried tissue (Novakofski et al., 1989) . Tissue protein content (N × 6.25) was obtained by the Kjeldahl method (AOAC, 1995) , and ash content was measured by combustion of dried tissue at 500°C for 8 h. Cross-sectional area and DNA content of mammary tissue were determined as described previously (Kim et al., 1999a) .
Statistical Analysis. Only data from the unsuckled mammary glands were used for analysis. Statistical analysis of the data from Exp. 1 were performed in two ways. Firstly, mean responses were modeled to determine the effect of day of lactation, dietary energy level, dietary protein level, and interaction between dietary energy and protein levels as the main effects using the general linear model procedure (PROC GLM) in SAS/STAT software (SAS Inst. Inc., Cary, NC) as follows:
where Y is the response variable, LDAY is the effect of day of lactation (logarithmic effects), E is the effect of energy, P is the effect of protein, EP is the effect of interaction between energy and protein, and ε is the residual error. Least-square means and standard errors at each litter size were obtained and the probability of differences (pdiff option in SAS/STAT software) were used to evaluate differences among treatment means. Secondly, changes in unsuckled mammary glands during lactation were estimated from multiphasic equations (Hinkley, 1971; Koops and Grossman, 1993) obtained using NLREG program (Sherrod, 1992) because patterns for the regression of unsuckled mammary glands were described by the combination of two distinctive phases. Regression showed a quadratic pattern during early lactation, followed by a linear pattern during later lactation. To explain this multiphasic regression pattern, a curvilinear equation was used as follows:
where Y is the response variable (tissue component weights or composition of unsuckled mammary glands), X is the day of lactation, a is the slope for quadratic equation, b is the slope for linear equation, c is the day of lactation at the breakpoint of the curvilinear equation, and d is Y when X is c.
Data from Exp. 2 were analyzed with the general linear model procedure (PROC GLM) in SAS/STAT software (SAS Inst. Inc.) with litter size as the main effect. Least-square means and standard errors at each litter size were obtained and probability of differences (pdiff option in SAS/STAT software) were used to evaluate differences among treatment means.
Results
Stage of Lactation and Effects of Nutrient Level (Exp. 1)
Wet and Dry Weights. Wet weights (grams) of individual unsuckled mammary glands decreased quadratically (P < 0.05) until d 6.6, 10.1, 9.5, and 11.8 of lactation (represented by the breakpoint of the curvilinear equation: c) for the LELP, LEHP, HELP, and HEHP groups, respectively (Table 2 and Figure 1A ). The wet weight of unsuckled mammary glands was affected by dietary energy level (P = 0.0017), but not by dietary protein level. The wet weight of unsuckled mammary glands was 91% greater (P < 0.05) for the HEHP group than that for the LELP group at d 5 of lactation (Table 3) , suggesting a slower rate of regression in early lactation. There was no further change (P > 0.05) in wet weight through d 28 of lactation for all groups ( Figure 1A) . The wet weight of unsuckled mammary glands was maintained at a higher level in the HEHP group compared with the other nutrient groups and was 99, 83, and 96% higher (P < 0.05) than those from the LELP, LEHP, HELP groups, respectively, at d 28 of lactation (Table 3) .
Dry weights (grams) of individual unsuckled mammary glands decreased quadratically (P < 0.05) until d 5.7, 10.7, 7.7, and 13.6 of lactation for the LELP, LEHP, HELP, and HEHP groups, respectively ( Table 2 ). The dry weight of unsuckled mammary glands was affected by both dietary energy level (P = 0.0069) and protein level (P = 0.0246). The dry weight of unsuckled mammary glands was 102% greater (P < 0.05) for the HEHP group than for the LELP group at d 5 of lactation (Table  3 ). The dry weight of unsuckled mammary glands from the HEHP group was 78 and 46% higher (P < 0.05) than for the LELP and HELP groups, respectively, at d 28 of lactation (Table 3) .
Protein and Fat Contents. The protein content (grams) in individual unsuckled mammary glands decreased quadratically (P < 0.05) until d 6.4, 11.7, 7.5 and 11.7 of lactation for the LELP, LEHP, HELP, and HEHP groups, respectively (Table 2 and Figure 1B) . The protein content in unsuckled mammary glands was affected by dietary energy level (P = 0.0073). The protein content in unsuckled mammary glands was 98% greater (P < 0.05) for the HEHP group than that for the LELP group at d 5 of lactation (Table 3 ). The protein content in unsuckled mammary glands from the HEHP Figure 1 . The regression of unsuckled mammary glands. Sows received different nutrient levels during lactation. (A) wet weight, (B) protein, (C) fat, (D) DNA, and (E) cross-sectional area. LELP, low-energy low-protein; LEHP, lowenergy high-protein; HELP, high-energy low-protein; and HEHP, high-energy high-protein.
group was 98, 89, and 105% higher (P < 0.05) than those from the LELP, LEHP, and HELP groups, respectively, at d 28 of lactation (Table 3) .
The fat content (grams) in individual unsuckled mammary glands decreased quadratically (P < 0.05) until d 4.9, 10.6, 6.9, and 17.6 of lactation for the LELP, LEHP, HELP, and HEHP groups, respectively (Table 2 and Figure 1C) . The fat content in unsuckled mammary glands was affected by both dietary energy level (P = 0.0293) and protein level (P = 0.0071). The fat content in unsuckled mammary glands was 106% greater (P < 0.05) for the HEHP group than for the LELP group at d 5 of lactation (Table 3 ). The fat content in unsuckled mammary glands from the LEHP and HEHP groups were 82 and 66% greater (P < 0.05) respectively, than from the LELP group at d 28 of lactation (Table 3) .
DNA Content. The amount of DNA (milligrams) in individual unsuckled mammary glands decreased quadratically (P < 0.05) until d 7.2 and 12.1 of lactation for the LELP and LEHP groups, respectively (Table 2 and Figure 1D ). The DNA content in unsuckled mammary glands was affected by dietary energy level (P = 0.0003). The DNA content in unsuckled mammary glands from Within a column, means lacking a common superscript letter differ (P < 0.05).
d
Pooled standard error of the least-square means.
the HELP and HEHP groups decreased quadratically (P < 0.05) throughout the lactation period until the breakpoint of the curvilinear equation at d 30.3 and 24.2, respectively. The DNA contents in unsuckled mammary glands from the HEHP group were 158 and 37% greater (P < 0.05) than for the LELP and LEHP groups at d 5 of lactation, respectively (Table 3) . Cross-sectional Area. The cross-sectional area (square centimeters) of individual unsuckled mammary glands decreased quadratically (P < 0.05) until d 7.7, 10.6, 17.4, and 13.4 of lactation for the LELP, LEHP, HELP, and HEHP groups, respectively (Table 2 and Figure 1E ). The cross-sectional area of unsuckled mammary glands was affected by dietary energy level (P = 0.0033). The cross-sectional area of unsuckled mammary glands was 75, 69, and 53% greater (P < 0.05) for the HEHP group than for the LELP, LEHP, and HELP groups, respectively, at d 28 of lactation (Table 3) .
Percentage Chemical Composition. Changes in the per-
centage of dry tissue, protein, and fat of unsuckled mammary glands occurred during lactation. There was a negative quadratic effect (P < 0.05) of day of lactation on average percentages of dry tissue and of fat for unsuckled mammary glands during lactation (Table 4) . However, the average percentage of protein did not show a consistent pattern as lactation progressed (Table 4).
Effect of Litter Size (Exp. 2)
There were no significant effects of litter size on weights or components of unsuckled mammary glands at d 21 of lactation (Table 5 ). The percentage of dry matter content of unsuckled mammary glands was higher (P < 0.05) in sows nursing 6 to 7 pigs than in sows nursing 12 pigs (Table 5) .
Effect of Gland Location (Exp. 1 and 2)
Greater than 50% of posterior glands (fifth through eighth) were not suckled by pigs during lactation, whereas less than 30% of anterior glands (first through third pairs) were not suckled (Figure 2) . By d 21 of lactation, there was no clear pattern of the effect of teat location on tissue mass or composition among unsuckled mammary glands.
Discussion
A substantial regression of unsuckled mammary glands occurs during the first 7 to 10 d of lactation, with relatively less further tissue change occurring throughout the remainder of lactation. The change in unsuckled gland wet weight indicates that tissue mass is reduced by about two-thirds during this early period. The rate of regression of unsuckled mammary glands during lactation is affected by dietary nutrient level. The rate of regression during early lactation is slower for sows receiving a high-energy high-protein diet than for those receiving a low-energy low-protein diet. The decrease in mammary DNA, an indicator of cell loss, is slower for sows receiving high-energy diets than for those receiving low-energy diets. By d 21 of lactation, mammary tissue components are not affected by litter sizes. Within a row, means lacking a common superscript letter differ (P < 0.05).
During lactation, milk removal is the most important factor controlling maintenance of lactation and mammary gland growth or regression. Milk components accumulate in the alveolar lumen as milk is secreted from the epithelial cells. An autocrine factor, termed the feedback inhibitor of lactation (FIL; Wilde et al., 1995; Knight et al., 1998) , also accumulates in the alveolar lumen and inhibits further milk secretion from the cells. The removal of milk at milking or suckling removes the inhibitory effect of FIL and allows for continued milk secretion. The stimulus of milking or suckling also causes the release of systemic galactopoietic factors, such as prolactin (Tucker, 1994) . Suckling stimulation, particularly litter size, has a clear effect on the growth of suckled mammary glands during lactation (Tucker, 1987; Kim et al., 1999c) . When milk is not removed from a gland, it accumulates in the alveoli and milk stasis ensues. If milk removal does not occur over a period of a couple of days, then mammary gland involution begins. The induction of active involution by milk stasis, as occurs in sows at weaning or in dairy cows at drying-off, results in morphological and physiological changes in the mammary gland that transform lactating into nonlactating tissue (Hurley, 1989) . A significant feature of mammary gland involution is the loss of epithelial cells through apoptosis, which is triggered by the accumulation of milk in the glands following weaning (Wilde et al., 1999) , although the rate and extent of cell loss may vary with species.
Milk removal from the sow is accomplished by the suckling piglet. Colostrum can be removed from most mammary glands during farrowing, but piglets show a preference to suckle a specific teat soon after birth and a synchronization of suckling by piglets becomes established about 11 h after birth (Brooks and Burke 1998) . Mammary glands that are routinely suckled during active milk letdown maintain lactation function and continue to grow (Kim et al., 1999a) . Piglets may attempt to suckle other glands before or after active milk letdown, but regular milk removal generally occurs only in the glands that are routinely suckled. In contrast, milk stasis occurs in those glands that are not suckled, resulting in tissue regression by a process of involution. Inducing milk stasis in some glands of a lactating animal while milk removal is maintained in other glands results in a reduced rate of involution of the glands in which milk is not removed, compared with the situation where milk stasis occurs in all glands at weaning (Selye, 1934; Selye and McKeown,1934; Turner and Reineke, 1936; Akers and Keys, 1985; Hurley et al., 1994) . Milk removal from some glands therefore may affect the function of the unsuckled glands through the stimulatory effects of galactopoietic responses to suckling.
Results from the present study demonstrate that unsuckled glands of the lactating sow undergo involution. The extent of reduction in tissue wet weight in unsuckled glands during early lactation is similar to the reduction that occurs in suckled glands during the first week after weaning (Ford et al., 2000) . The wet weight of unsuckled glands either stabilizes by about 7 to 10 d postpartum or declines at a much slower rate through d 28 of lactation. The loss of tissue DNA indicates a loss of mammary cells and would be consistent with cell loss by apoptosis. The similar rate of decline in gland cross-sectional area, total fat, and total protein indicates that all tissue components are regressing during early lactation. Substantial tissue remodeling is a hallmark of mammary gland involution in many species (Hurley, 1989; Capuco and Akers, 1999) .
The loss of mammary cells from unsuckled glands may quickly lead to the loss of lactation function of the tissue. The extent to which mammary gland involution is reversible varies widely among species. In rodents, the rapid cellular loss due to apoptosis results in irreversibility of involution between 36 and 72 h after weaning and, therefore, a reinitiation of lactation by placing the litter back onto the mother is not possible after that time (Jaggi et al., 1996; Li et al., 1997) . In the cow, many epithelial structures are retained during involution (Holst et al., 1987) , and partial lactation function can be reinitiated by repeated milking even after 11 d of stasis (Noble and Hurley, 1999) . In the present study, the extensive loss of wet weight and DNA from unsuckled glands of sows suggests that the loss of lactation function would not be reversible after the initial several days of lactation, even if piglets could be cross-fostered at that point. Similarly, the fairly strict teat order of Western breeds of swine also prevents later stimulation of initially unsuckled glands.
In the sow, all glands undergo lactogenesis and would be expected to have similar functional states at parturition. After parturition, the number of glands that lactate and grow in response to suckling and the number that undergo regression in the absence of suckling is primarily determined by litter size. Litter size affects the growth of suckled glands, with larger litter size resulting in more suckled glands but a smaller size of individual suckled glands (Kim et al., 1999c) . This is consistent with reports than an increased litter size increases total milk production by the sow but decreases the milk yield per suckling piglet (Spinka et al., 1997) . In the present study, there was no effect of litter size on the regression of unsuckled glands, even though the mass of suckled glands by d 21 is affected by litter size (Kim et al., 1999c) . Results from Exp. 1 suggest that changes in mammary tissue would have stabilized by d 21. Effects of litter size on the rate of regression of unsuckled glands earlier in lactation cannot be ruled out. Larger litter size would result in greater total suckling stimulation, which could result in a slower regression of unsuckled glands early in lactation.
Litter size was held constant in Exp. 1, but milk yield would be expected to differ according to dietary treatment. Sows receiving the high-energy diets have the slowest rate of decline of mammary DNA in unsuckled glands, indicating a slower loss of mammary cells compared with sows receiving the low-energy diets. The same sows also have the largest suckled glands and the greatest increase in mammary cell numbers in suckled glands during lactation (Kim et al., 1999b) and would have the largest piglets and the greatest total suckling intensity. Stimuli that affect mammary growth in suckled glands also may be responsible for the maintenance of cell numbers in unsuckled glands.
The decrease in tissue protein in unsuckled mammary glands provides a potential source of amino acids for milk synthesis by suckled glands. The amount of crude protein that was mobilized from each unsuckled mammary gland during a 21-d lactation was 36.5, 36.3, 34.4, and 31 .1 g for the LELP, LEHP, HELP, and HEHP groups, respectively. If it is assumed that the amino acid composition of mammary protein from unsuckled glands is similar to that of suckled glands (7.5% lysine or 45% essential amino acids; Kim et al., 1999a) , then an average of 2.59 g of lysine (15.5 g of essential amino acids) is mobilized from each unsuckled mammary gland during a 21-d lactation. This is equivalent to 0.12 g lysine/d (0.74 g/d essential amino acids). For a sow with 14 mammary glands and 10 suckling pigs, 4 extra mammary glands may undergo regression and result in the mobilization of 0.35 g/d of lysine (2.11 g/d essential amino acids) during the initial 7 d of lactation. Previous studies have shown that approximately 188.5 g of essential amino acids are taken up daily by the mammary gland of the lactating sow, with 49 g of essential amino acids being retained by the gland after accounting for milk yield (Trottier et al., 1997) . This includes 7 g of essential amino acids that are accumulated as mammary tissue protein (Kim et al., 1999a) . Although minor in total amount, the mobilization of amino acids from the regressing unsuckled mammary glands would contribute to the total pool of amino acids available for milk production and mammary gland growth.
Implications
The regression of unsuckled mammary glands in the lactating sow occurs rapidly over the first week of lactation. Attempts to increase litter size by cross-fostering piglets in Western breeds after the first several days postpartum generally is unsuccessful because of the loss of lactation function and the irreversibility of involution. The rate of regression in unsuckled glands is affected by the dietary energy and protein levels that sows receive during lactation. The rate of regression of unsuckled glands is generally slowest under dietary conditions in which the growth of suckled glands is fastest. Enhancing milk production and the rate of growth of suckled glands by maximizing dietary nutrient intake during lactation also results in maintaining a greater tissue mass in the unsuckled mammary glands.
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